microbicidal activity of the phagosome. However, the phagosomal lumen, which is 23 acidic and nutrient-deprived, inhibits yeast-to-hypha transition. To account for this 24 apparent paradox, it was recently proposed that C. albicans produces ammonia that 25 alkalinizes the phagosome, thus facilitating yeast-to-hypha transformation. We re-26 examined the mechanism underlying phagosomal alkalinization by applying dual-27
wavelength ratiometric pH measurements. The phagosomal membrane was found to 28 be highly permeable to ammonia, which is therefore unlikely to account for the pH 29 elevation. Instead, we find that yeast-to-hypha transition begins within acidic 30 phagosomes, and that alkalinization is a consequence of proton leakage induced by 31 excessive membrane distension caused by the expanding hypha. antifungal drugs exist, almost half of these patients will die. Despite this, fungi remain 37 underestimated as pathogens. Our study uses quantitative biophysical approaches to 38 demonstrate that the yeast-to-hypha transition occurs within the nutrient deprived, 39 acidic phagosome and that alkalinization is a consequence, as opposed to the cause 40 of hyphal growth. 41 4 prevailing phagosomal pH dictates the efficiency of microbial killing and antigen 68 presentation, as well as the degradation of the ingested prey (7) . 69
After phagocytosis of C. albicans yeast, the fungus is confined within the mature 70 phagosome. Nonetheless, at least in vitro, C. albicans can escape as a result of 71 intra-phagosomal hyphal formation (8-10). It is currently believed that the yeast-to-72 hypha transition is inhibited within acidic phagosomes, and, consequently, C. 73 albicans is thought to manipulate the phagosomal pH prior to hypha formation (11-74 18). Thus, the ability of C. albicans to alkalinize the phagosome is considered crucial 75 for survival and escape from the macrophage. 76
Recent studies have proposed that phagosomal alkalinization is a consequence 77 of ammonia (NH 3 ) release by C. albicans (15) (16) (17) (18) . NH 3 can in principle alkalinize the 78 phagosome by consumption of protons and formation of ammonium (NH 4 + ). It has 79 been further proposed that, after sufficient NH 3 production and associated proton 80 consumption, hyphal formation can occur, followed by eventual escape from the 81 phagosome and ultimately from the macrophage itself. Besides C. albicans, NH 3 82 generation and protonation has also been suggested to be the cause of phagosome 83 alkalinization for other pathogens such as Mycobacterium tuberculosis and 84
Helicobacter pylori (19) (20) (21) (22) . 85
To effectively mediate phagosomal alkalinization, NH 3 production has to exceed 86 the rate of proton pumping by the V-ATPases. Moreover, and most importantly, the 87 rate of NH 3 generation has to exceed the rate at which NH 3 diffuses out of the 88 phagosome. In this regard, it is noteworthy that most mammalian membranes are 89 highly permeable to NH 3 (23-27). Validation of the alkalinizing role of NH 3 therefore 90 requires quantitative comparison of these parameters. 91
Westman et al, 2018 5 A second mechanism that could affect phagosomal pH, which is not mutually 92 exclusive with the generation of NH 3 , is proton exit from the phagosome via 93 Candidalysin (28). This pore-forming toxin is a hydrophobic, α-helical peptide 94 secreted by C. albicans hypha after cleavage of the polyprotein Ece1 (28, 29). 95
Candidalysin has been shown to intercalate into membranes and to form pores, 96 leading to lysis of epithelial cells. However, its role during interaction with 97 macrophages and its potential ability to permeabilize the phagosomal membrane has 98 not been investigated. 99
In this study, we analyzed the role of NH 3 in phagosome alkalinization by C. 100 albicans. By applying dual-wavelength ratiometric fluorescence imaging, we 101 undertook measurements of phagosomal buffering power, rate of proton pumping 102 and phagosomal NH 3 permeability, and compared them to the rate of NH 3 production 103 by C. albicans. We also investigated the role of Candidalysin, and assessed whether 104 hyphal growth itself contributed to phagosomal alkalinization. The rate of proton pumping by V-ATPase surpasses the rate of NH 3 109 production by C. albicans 110 For NH 3 generation by C. albicans to account for macrophage phagosome 111 alkalinization, it would need to exceed the rate of proton pumping by the phagosomal 112 V-ATPases ( Figure 1A ). We calculated proton pumping by measuring the rate of 113 change of pH (∆pH/∆t) induced by addition of the potent and specific inhibitor 114 concanamycin A (CCA) to the murine macrophage cell line RAW264.7 (hereafter 115 referred to as RAW cells). Such measurements are based on the notion that, in the 116 steady state, the rate of pumping by the V-ATPases is identical to the rate of proton 117 (equivalent) leakage (30). To measure the phagosomal pH, C. albicans yeast cells 118 were allowed to bind FITC-labeled concanavalin A and a C. albicans-specific IgG 119 prior to phagocytosis. Such labeled and opsonized yeast cells were centrifuged onto 120 macrophages grown on glass coverslips to initiate phagocytosis synchronously and, 121 at the desired times, phagosomal pH was measured by dual-wavelength ratiometric 122 fluorescence imaging as detailed under Methods. 123
As illustrated in Figure 1B The rate of proton pumping at the steady state was therefore calculated to be 49.2 ± 132 15.5 mmoles/L/min. 133
We proceeded to compare the rate of pumping with the reported rate of NH 3 134 production by C. albicans. Vylkova and Lorenz (15) reported a production of ≈35 ppm 135 over 24 hrs, which is equivalent to 1.28 * 10 -8 nmoles/yeast/min. Similar rates have 136 been reported by others (13, 14, (16) (17) (18) . This rate is two orders of magnitude lower 137 than the rate of proton pumping at the steady state ( Figure 1C ). It should be noted 138 that the activity of the V-ATPase decreases markedly as the pH becomes more 139 acidic (32), so that the disparity between the rates of pumping and NH 3 production 140 would become even greater at more alkaline pH. At such pH values the rate of 141 leakage of proton equivalents by other (endogenous) pathways decreases, which 142 would further offset the rates of acidification and alkalinization. We conclude that NH 3 143 production by C. albicans is unlikely to account for the reported phagosomal 144 alkalinization. 145
146

C. albicans-containing phagosomes are permeable to NH 3 147
Not only is the rate of NH 3 production insufficient to overcome the rate of proton 148 pumping, but sustained alkalinization would require retention of NH 3 within the 149 phagosome. Because, as illustrated diagrammatically in Figure 2A , the protonation of 150 NH 3 is a rapidly reversible reaction, a fraction of the NH 3 /NH 4 + will always exist inside 151 phagosomes as the unprotonated weak base. Because the extracellular space and 152 the cytoplasm are nominally free of NH 3 /NH 4 + , the prevailing outward gradient would 153 promote ongoing loss of NH 3 from the phagosome, provided the phagosomal 154 membrane is permeable to the weak base. While most mammalian membranes are 155 permeable to NH 3 , the permeability of the C. albicans-containing phagosome has not 8 been ascertained. We assessed NH 3 permeability by measuring the phagosomal pH 157 while pulsing the medium with extracellular NH 3 /NH 4 + , as illustrated in Figure 2B . determined earlier, we estimated that NH 3 can enter/exit phagosomes at a rate of 167 2.42 * 10 -4 nmoles/phagosome/min. As illustrated graphically in Figure 2F , this rate is 168 several orders of magnitude greater than the reported rate of NH 3 production by C. 169 albicans. These additional data reinforce our conclusion that NH 3 production by C. 170 albicans is unlikely to account for the reported phagosomal alkalinization. 171
172
C. albicans hyphal expansion drives phagosomal alkalinization 173
We next analyzed the time course of the pH changes undergone by the C. 174 albicans-containing phagosomes ( Figure 3A ). While NH 3 is presumably produced 175 continuously by the yeast, the phagosome initially becomes acidic and remains so for 176 nearly 2 hrs. These observations not only argue once again against a role for NH 3 177 production in the pH changes, but suggest that an alternative, time-dependent 178 mechanism is involved. Significant alkalinization was detectable only after ≈3 hrs. 179
Notably, marked hyphal growth was clearly apparent at this stage: on average the 180 hyphae reached 24.7 ± 2 µm in length ( Figure 3A ). We therefore hypothesized that 9 hypha can form inside acidic phagosomes, and that phagosomal alkalinization was a 182 consequence of hyphal growth. 183
To test this hypothesis, we investigated whether the yeast-locked cph1∆/efg1∆ 184 C. albicans mutant (33), which is unable to form hyphae, alters the phagosomal pH 185 as does the wild type. Remarkably, over a period of four hours yeast-locked C. 186 albicans cells failed to dissipate the phagosomal acidification ( Figure 3B ), despite the 187 fact that this strain generates NH 3 at rates comparable to the wild type C. albicans 188 ( Figure A2A ). These data are consistent with the notion that the pH change is a 189 consequence of hyphal growth. 190
During hypha formation, the expression of several genes is activated (4). One 191 such gene is ECE1, the product of which is processed into the pore-forming toxin 192 Candidalysin (28). Because of the association between hyphal growth and 193
phagosomal pH changes, we tested whether Candidalysin contributes to the 194 alkalinization. The pores formed by the toxin could conceivably cause leakage of 195 proton (equivalents) through the phagosomal membrane. As illustrated in Figure 3C , 196 a mutant lacking Ece1 (ece1∆), the precursor required for Candidalysin generation, 197 caused phagosomal alkalinization at a rate that was only slightly slower than that 198 induced by the wild type. The difference between the two strains was small but 199 statistically significant ( Figure A2B ). Of note, the ece1∆ mutant formed hyphae that 200 grew inside the phagosome at rates that were similar to the wildtype ( Figure AS2C ). 201
These results indicate that, while Candidalysin aids in alkalinizing the 202 phagosome, its contribution is comparatively small and that other factors are 203 involved. To validate this conclusion, we constructed a strain of yeast-locked C. 204 albicans that expresses ECE1 at levels comparable to those recorded during hyphal 205 growth of wild type C. albicans and that produced similar quantities of the 10 Candidalysin peptide (Data-set A1 and Figure A1 ). Despite the continuous production 207 of Candidalysin, this strain had negligible effects on phagosomal pH over a four-hour 208 period ( Figure 3D ). 209
The results described above suggest that the phagosomal pH change is a direct 210 consequence of hyphal growth. Remarkably, the opposite has previously been 211 proposed: namely that alkalinization precedes and is required for hyphal growth (15, 212 34). The latter concept derives from analyses of the pH dependence of C. albicans 213 hyphal growth, which show faster growth rates at more alkaline pH (34-37). Indeed, 214
it has been shown that neutral pH is required for full virulence of C. albicans, as 215 many effectors are activated by proteolytic cleavage at neutral pH (38). However, 216
while we could readily replicate the faster growth of C. albicans at more alkaline pH 217 values, we also noted that hyphal growth does occur in vitro at the pH normally 218 attained by phagosomes, i.e. pH 4.5-5.0 ( Figures 1-3 and Figure A2) . 219 220
C. albicans hyphal expansion drives phagosomal membrane rupture 221
As the hypha expands over time within the phagosome, increasing mechanical 222 tension must be applied on the phagosomal membrane. This could conceivably alter 223 the permeability of the membrane to proton (equivalents) and potentially even cause 224 its rupture. 225
We assessed the phagosomal membrane integrity using sulforhodamine B (SRB), a 226 fluorescent dye that is nominally impermeable across biological membranes. SRB 227 was delivered to phagosomes via fusion with lysosomes, which had been previously 228 loaded with the dye using a pulse-chase protocol (see Methods for details). As 229 illustrated in Figure 4A and Movie A1, SRB contained within phagolysosomes can be 230 initially observed lining the yeast and hyphae. Over time, however, the SRB contained within phagosomes formed by wild type C. albicans was lost progressively 232 ( Figures 4A-B ). In line with phagosomal alkalinization, the number of SRB-positive 233 phagosomes decreased over a period of 4 hrs ( Figure 4B ). SRB was lost at a similar 234 rate from the ece1∆ mutant, which grows at a comparable rate to the wild type C. 235 albicans strain ( Figure 4C ). Importantly, SRB was retained during the same period by 236 the yeast-locked mutants, even when they were engineered to produce Ece1 237 ( Figures 4D-E) . The latter data suggest that SRB-leakage is a consequence of 238 hyphal growth, and not permeation of the dye via Candidalysin. Our data are most 239 consistent with a growth-induced change in permeability, likely manifested as rupture 240 of the membrane. Note that, as documented below, in some instances rupture may 241 have been transient, followed by membrane repair. 242 243
Phagosomal expansion using GPN causes alkalinization and membrane 244 rupture similar to hyphal expansion 245
To verify that mechanical tension (like that induced by hyphal growth) suffices to 246 produce phagosomal alkalinization and membrane rupture, we treated phagosomes 247 containing the yeast-locked C. albicans mutant cph1∆/efg1∆ with Gly-Phe-β-248 napthylamide (GPN). GPN is a membrane-permeable dipeptide and a substrate for 249 cathepsin C. Phagosomal cathepsin C can cleave GPN, generating the membrane-250
impermeable Phe-β-napthylamide. Accumulation of Phe-β-napthylamide drives 251 osmotically obliged water into the phagosome, which consequently expands, exerting 252 hydrostatic pressure that distends the membrane in a manner akin to that occurring 253 during hyphal growth. As illustrated in Figure 5A Movie A3). We concluded that mechanical tension is sufficient to cause phagosome 261 alkalinization and membrane rupture. Figure 6B , where the time courses of pH recordings from multiple 275 phagosomes are overlaid. The rate of pH flashes was similar when the C. albicans 276 ece1∆ mutant was phagocytosed, suggesting that pH flashes are a consequence of 277 hyphal expansion rather than Candidalysin ( Figure 6C and Movie A4). The flashing 278 pattern is consistent with the notion that, during hyphal expansion, phagosomes 279 undergo tears that can in some instances be repaired, before irreversible rupture 280 occurs, leading to sustained alkalinization and loss of SRB. It is noteworthy that 13 neither the transient nor the permanent phagosomal breaks were associated with 282 macrophage lysis, as the macrophages remained largely impermeable to propidium 283 iodide (PI) 4 hrs post-infection ( Figure A3 ; total cell lysis was less than 10%). 284
285
DISCUSSION 286
In this study, we reached three main conclusions: first, that NH 3 generation by 287 C. albicans and its retention by phagosomes cannot be responsible for the observed 288 alkalinization; second, that initiation of hyphal growth occurs in acidic phagosomes 289 and third, that hyphal growth drives phagosomal alkalinization by stretching and 290 eventually rupturing the phagosomal membrane. These conclusions are discussed in 291 turn below. 292
It is generally agreed that the mature phagosome containing C. albicans is highly 293 acidic, and low pH is known to inhibit yeast-to-hypha transition. Hence, it was 294 recently suggested that C. albicans produces NH 3 to alkalinize the phagosome prior 295 to hyphal growth (13, 15-18). Our findings suggest that intracellular NH 3 production 296 by C. albicans is not directly responsible for the alkalinization. The rate of NH 3 297 generation is much too low to overcome the ability of the V-ATPase to acidify the 298 phagosome ( Figure 1 ) and, more importantly, NH 3 cannot be retained within the 299 phagosomes, which are extremely permeable to the uncharged weak base (Figure  300 2). 301
Our findings indicate that, rather than being the cause of hyphal growth, 302 phagosomal alkalinization is its consequence. How then is hyphal extension 303 initiated? Several environmental factors influence yeast-to-hypha transition, including 304 high temperature (37 o C), adherence to host cells, high CO 2 and nutrient deprivation 305 (4, 5). All of these factors are experienced by C. albicans cells within the mammalian phagosome and may suffice to induce hyphal formation despite the acidic pH, albeit 307 at a reduced rate. Accordingly, we find that C. albicans hyphae grow faster in 308 phagosomes treated with concanamycin A, a V-ATPase inhibitor that dissipates the 309 lysosomal and phagosomal acidification, which was verified using the acidotropic dye 310 cresyl violet ( Figure A2D-E) . Thus, while capable of growing inside acidic 311 phagosomes (Figure 3) , C. albicans hyphae indeed extend more rapidly at more 312 alkaline pH ( Figure A2E) . 313
Some of the evidence supporting the involvement of NH 3 stemmed from 314 experiments using mutants with defective amino acid permeases, which ostensibly 315 lacked the substrates to generate sufficient NH 3 . One such mutant, stp2∆, was found 316
to be unable to alkalinize phagosomes (15). In the presence of amino acids, Stp2 317 induces the transcription of genes leading to amino acid uptake and catabolism. This 318 in turn produces urea, which subsequently leads to the production of NH 3 and CO 2 by 319 urea amidolyases. It is noteworthy, however, that Stp2 affects the expression of 320 several genes (44, 45) , and, as a result, suffers from growth defects, particularly in 321 environments where nutrient availability is restricted, such as the phagosomal lumen. 322
Thus, it is impossible to distinguish whether the effects caused by deletion of the 323 gene are due to lack of NH 3 production or to impaired growth. Other mutants such as 324 ahr1∆ used to buttress the NH 3 hypothesis suffer from similar shortcomings, which is 325 why we opted not to include them in our analyses (14, 17, 18) . 326
Since NH 3 generation appeared unlikely to account for the observed 327 alkalinization, we sought for an alternative mechanism. Our data are consistent with 328 the notion that hyphal growth distends the phagosomal membrane, causing leakage 329 of proton equivalents and even larger molecules like SRB. In the early stages the 330 ruptures are transient, possibly reflecting the activation of repair mechanisms; 15 indeed, we have preliminary evidence that re-acidification is associated with 332 additional fusion of LAMP-positive compartments with the phagosome (data not 333 shown). The progressive membrane tears become irreversible thereafter, judged by 334 the impossibility to re-establish the acidic pH. Of note, the sudden and initially 335 reversible increases in pH cannot be readily explained by NH 3 production, which is 336 anticipated to be continuous, producing a gradual and sustained pH change. That 337 mechanical stretching of the phagosomal membrane is the cause of the permeability 338 change is supported by the observation that outward hydrostatic pressure 339 established by osmotic means -using GPN-resulted in a similar disruption of the 340 phagosomal membrane, with dissipation of the pH gradient and leakage of SRB 341 ( Figure 5) . Whether transient or more permanent, phagosomal membrane rupture 342 exposes the fungus and its products to the cytosolic milieu. Little is known regarding 343 the means whereby C. albicans-secreted effectors activate signaling pathways within 344 the cytosol. We therefore speculate that discontinuities in the phagosomal membrane 345 associated with hyphal growth could contribute to inflammasome activation and 346 pyroptosis (46-48). 347
In conclusion, we propose that hyphal growth is initiated inside acidic 348 phagosomes (albeit at a reduced rate) and that alkalinization results from excessive 349 membrane distension, which either activates mechanosensitive channels and/or 350 
Strains and reagents 360
Experiments were carried out using mouse RAW 264.7 macrophages (ATCC). 361 RAW cells were plated sparsely in 12-well tissue culture plates (Corning Inc.) and 362 grown overnight at 37 o C in an air/CO 2 (19:1) environment in RPMI-1640 (Wisent Inc.) 363 supplemented with 5% (vol/vol) FBS. C. albicans wild type strain was the prototrophic 364 strain BWP17/CIp30 (49). Other strains used are listed in Table A2 . C. albicans 365 cultures were grown in YPD medium (1% yeast extract, 2% peptone, 2% dextrose) at 366 
Phagocytosis of C. albicans 373
After overnight incubation at 30 o C, C. albicans yeast were washed twice in PBS 374 and incubated in the dark with concanavalin A-FITC (1:100) and rabbit anti-C. 375
albicans IgG (1:167, for 60 min at room temperature rotation). After labeling, yeast 376 were washed twice in PBS and diluted to OD 600nm 1.0 in PBS. 377
Five μL of concanavalin A-FITC-labeled yeast in fresh RPMI-FBS were added to 378 RAW cells grown on glass coverslips, which were then centrifuged at 1500 x g for 1 379 min at room temperature to synchronize phagocytosis. After 20 min incubation at 380 37 o C, yeast not associated with the macrophages were washed away with PBS, 381 yeast that had adhered to the macrophages but had not been internalized were labeled with donkey anti-rabbit Cy3 (1:1000) for 10 min at 37 o C. Cells were imaged 383 live or, where indicated, fixed with 4% paraformaldehyde for subsequent analysis. All the first minute after CCA treatment was used to estimate the V-ATPase pumping 403 rate, which was assumed to be identical to the proton leakage rate at steady state. 404
Proton pumping rates were calculated as (∆pH * β * phagosome volume) / time. To 405 quantify the phagosomal volume, the radius of phagosomes containing C. albicans 406 yeast was measured microscopically. Volume was calculated assuming that the phagosomes were spherical (volume = 4⁄₃ π r³). Phagosomal and lysosomal 408 alkalinization was confirmed using the acidotropic dye cresyl violet as previously 409 described (50). 410 411
Determination of NH 3 leakage rate 412
Phagosomes were generated as described and, after 1 h, the steady-state 413 phagosomal pH was measured prior to the addition of 15 mM NH 4 Cl. Phagosomal 414 pH was then measured every second for 10 seconds. A standard calibration was 415 generated as described below, to determine the change in pH The fungal pathogen Candida albicans autoinduces hyphal morphogenesis by 532 raising extracellular pH. MBio 2:e00055-11. 533
